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Glucose-6-phosphate dehydrogenase (Zwf) catalyzes conversion of glucose 6-phosphate into gluconate 
6-phosphate for Entner-Doudoroff (ED) and pentose phosphate pathways in living organisms. However, 
it is unclear whether the Zwf-coding gene is involved in pathogenesis of phytopathogenic bacterium. In 
this report, we found that deletion mutation in zwf of Xanthomonas oryzae pv. oryzicola (Xoc), led the 
pathogen unable to effectively utilize glucose, sucrose, fructose, mannose and galactose for growth. The 
transcript level of zwf was strongly induced by glucose, sucrose, fructose, mannose and galactose than 
that by the NY medium (non sugar). The deletion mutagenesis in zwf also altered the transcript level of 
key genes, such as rpfF , rpfG and c/p, in diffusible signal factor (DSF)-signaling network. In addition, the 
deletion mutation in zwf impaired bacterial virulence and growth capability in rice leaves, reduced 
bacterial cell motility and extracellular polysaccharide (EPS) production. The lost properties mentioned 
above in the zwf deletion mutant were completely restored to the wild-type level by the presence of zwf 
in trans. All these results suggest that zwf is required for the full virulence of Xoc in rice leaves by 
involving carbohydrate metabolisms that impact bacterial DSF-signaling network. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Xanthomonas oryzae pv. oryzicola (Xoc), the yellow-pigmented 
gram-negative bacterium, is the causal agent of bacterial leaf 
streak (BLS) in rice (Oryza sativa). The pathogen enters rice leaves 
through stomata or wound, propagates in the substomatal cavity 
and then colonizes the parenchyma apoplast to cause BLS in rice 
leaves [1-3]. BLS is prevalent and of increasing importance 
throughout Asia, especially in China [4 . In the past, substantial 
progress has been made to elucidate molecular mechanisms of the 
Xoc-rice pathosystem 1-7 . One important aspect of the Xoc-rice 
pathosystem is the ability of bacterium to obtain nutrients from 
host rice to establish successful infection [6,7]. However, little is 
known about the links between bacterial nutrients acquisition and 
pathogenesis in this field. 

It is well known that cell-cell communication, often referred to 
as quorum sensing (QS), is commonly observed in bacterium. The 
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diffusible signal factor (DSF)-dependent QS system is a relatively 
new regulatory mechanism and is likely conserved in Xanthomonas 
spp. [8,9 . In DSF-signaling network, RpfF is responsible for the 
synthesis of DSF signal molecule. RpfC (sensor kinase) and RpfG 
(response regulator protein) constitute a two-component system 
essential for sensing and transducing the DSF signal 6,8 . Subse¬ 
quently, the global regulator Clp (cAMP-regulatory protein) rec¬ 
ognizes the DSF signal, and then regulates diverse biological 
functions including EPS production, cell motility, biofilm dispersal 
[6,8 . The acetyl-CoA, which roots in carbohydrate metabolism, is 
the carbon precursor for the synthesis of DSF signal molecule. 
However, little is known about whether carbohydrate metabolism 
genes are involved in the synthesis of DSF signal molecule, or in 
altering the transcript level of key genes in DSF-signaling network. 

To our knowledge, the complete genome sequence data show 
that several strains of X. oryzae , such as KACC10331 10], 

MAFF311018 [11], PX099 a [12] and BLS256 [13], possess genes 
encoding all of the enzymes involved in the glycolysis, Ent¬ 
ner-Doudoroff (ED), gluconeogenesis, pentose phosphate path¬ 
ways and tricarboxylic acid (TCA) cycle. X. oryzae mainly employ 
ED, pentose phosphate pathways and terminal oxidation mediated 
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by the TCA cycle to break down carbohydrates for energy and car¬ 
bon molecules [6,14 . It has been proved that carbohydrate meta¬ 
bolism is central for bacterial extracellular polysaccharide (EPS) 
production and the full virulence in host plants [6,14-18]. ED is the 
main pathway implicated in carbon metabolisms and the synthesis 
of EPS 15,16 . In plant tissue, the major carbohydrates are as fol¬ 
lows: sucrose, glucose, fructose and C4-dicarboxylic acids 19,20]. 
Glucose and sucrose utilization has been shown to be the best 
carbon sources for bacterial EPS production [16,17 , and are 
required for the full virulence in Xanthomonas spp. [14,18 . 

Currently, several genes, like ppsA [20], aceA 20], mis [20 , glk 
[16], gap A [14 , kgtP [7 , and fbaB 6], which involved in carbohy¬ 
drate metabolism of Xanthomonas spp. have been investigated in 
some details. Previous studies showed that they are involved in 
utilization of various carbon sources, EPS production and the full 
virulence of pathogen, but not in DSF-signaling network. However, 
little is known about genes involving bacterial carbohydrate 
metabolism process. For example, glucose-6-phosphate dehydro¬ 
genase (Zwf), which converts glucose 6-phosphate into gluconate 
6-phosphate, plays a crucial role in ED and pentose phosphate 
pathways. In this report, we investigated whether the Zwf-coding 
gene involved in pathogenesis of Xoc in rice leaves, and how Zwf 
played roles in carbohydrates acquisition, EPS production, cell 
motility and DSF-signaling network. 

2. Materials and methods 

2.2. Bacterial strains and growth conditions 

The plasmids and strains used in this study are listed in Table 1. 
Escherichia coli strains were routinely grown in Luria-Bertani (LB) 
medium (5 g L -1 yeast extract, 10 g L -1 NaCl, 10 g L -1 tryptone, 
15 g L -1 agar) at 37 °C 21 . All Xoc strains were grown at 28 °C in NB 
(1 g L" 1 yeast extract, 3 g L -1 beef extract, 5 g L -1 poly-peptone, 
10 g L -1 sucrose), NA (NB with 15 g L -1 agar), NAN (NA without 
sucrose), NAS (NA with 100 g L -1 sucrose), NY (NB without beef 
extract and sucrose), the non-carbohydrate minimal (NCM) me¬ 
dium (2 g L -1 (NH 4 ) 2 S0 4 , 4 g L -1 K 2 HP0 4 , 6 g L -1 KH 2 P0 4 , 0.2 g L -1 
MgS0 4 -7H 2 0) [6 , or rice suspension cells [22] when required. 
Antibiotics were added at the following concentrations when 


Table 1 

List of bacterial strains and plasmids used in this study. 


Strains or 
plasmids 

Relevant characteristics 

Reference or 

source 

£. coli 

DH5a 

F“ 4>80d/acZ AM15A(/acZYA-argF)U169 endAl 

Clontech, Palo 

deoR recAl hsdR17( rjZ mjt) phoA supE44 X~ thi-l Alto, CA, U.S.A. 
gyrA96 relAl 

X. oryzae pv. oryzicola 

RSI05 The wild-type, Chinese race 2, the causal agent of Lab collection 

RMirpG 

bacterial leaf streak in rice; Rif 

A hrpG deletion mutant of strain RSI 05; Rif 

[1,3-6,25] 

[45] 

RA hrpX 

A hrpX deletion mutant of strain RSI 05; Rif 

[45] 

RA hrcV 

A hrcV deletion mutant of strain RSI05; Rif 

[6] 

RAzwf 

A zwf deletion mutant of strain RSI 05; Rif 

This study 

CRAzwf 

RAzw/harboring pCzwf; Rifr, Spr, Sm 1 

This study 

Plasmids 

pMD18-T pUC ori, cloning vector; Amp r 

Takara 

pKMSl 

6.4 kb, Suicide vector derivative from 

Lab collection 

pHMl 

pK18mobGII, sacB + ; Kan 1 

Broad-host range cos parA IncW derivative of 

[4,25] 

Lab collection 

pKAzwf 

pRI40; Spr, Sm r 

A 911 bp fusion fragment cloned in pKMSl for a 

[4,25] 

This study 

pCzwf 

1172 bp deletion in zwf, Kan 1 

pHMl expressing zw/under its own promoter; Sp r This study 


a Amp 1 = ampicillin resistance, Kan 1 = kanamycin resistance, Rif = rifampicin 
resistance, Sp r = spectinomycin, Sm r = streptomycin resistance. 


required: kanamycin (Kan), 25 pg ml -1 ; rifampicin (Rif), 
50 pg ml' 1 ; ampicillin (Amp), 100 pg ml 1 ; spectinomycin (Sp), 
50 pg ml' 1 ; and streptomycin (Sm), 50 pg ml -1 . 

2.2. DNA manipulation 

DNA manipulations were performed as described previously 
[23]. Mobilization of plasmids into Xoc was performed as described 
by Turner [24]. Kits for isolating genomic and plasmid DNA and for 
purifying DNA from agarose gels were purchased from Axygen 
(Beijing, China). Restriction enzymes and DNA ligases were used 
according to the manufacturer's instructions (Takara, Dalian, China). 
Oligonucleotide primers for sequencing or PCR reaction were pur¬ 
chased from Jinsite Biotechnol. Co. (http://www.Jinsite.com) and 
listed in Table SI. PCR was performed with Ex-Taq (Takara Bio Inc., 
Dalian, China). DNA sequences were analyzed with the VECTOR NTI 
software package (Infomax; Invitrogen, Shanghai, China). 

2.3. Construction and complementation of the non-polar deletion 
mutation in zwf 

An in-frame deletion mutation of zwf was constructed in Xoc 
RS105 strain using homologous recombination and pKMSl as a 
suicide vector [25 . The genome sequence of Xoc BLS256 strain as 
the reference 13], two flanking fragments, left (302 bp) and right 
(609 bp) to zwf (Fig. SI ), were amplified using the genomic DNA of 
RS105 strain as the template and the primers zw/-1F/zw/-1R and 
zw/-2F/zw/-2R (Table SI), respectively, and then cloned into 
pMD18-T vectors (Takara, Dalian, China), respectively. After 
confirmed by sequencing, the two fragments were digested and 
cloned into the vector pKMSl at Smal and Xbal sites, resulting in a 
recombinant plasmid pKAzwf ( 'able 1 ). The plasmid pKAzwf 
(50 ng pi 1 ) was electroporated into competent cells of the RS105 
strain recipient and plated for single-colony selection on NAN 
plates with kan (25 pg ml' 1 ) [4,25 . Colonies from the initial ho¬ 
mologous crossover event which grew on NAN/kan (25 pg ml -1 ) 
were transferred to NBN broth, grown for 12 h at 28 °C, and plated 
on NAS medium. Sucrose-resistant colonies were replica streaked 
onto NA and NA plus kan (25 pg ml -1 ) plates, respectively [4,25]. 
Deletion mutations were confirmed by PCR amplification with pair 
primers (1F/2R and 3F/3R). One ( RAzwf) of the confirmed deletion 
colonies (Table 1) was used for further study. 

In order to complement RAzwf a 1791 bp DNA fragment con¬ 
taining the entire zwf { from 360 bp upstream of the start codon to 
the stop codon) was amplified by PCR using the total genomic DNA of 
Xoc RS105 strain as the template and the primer pair zw/-F/zw/-R 
( fable SI ). After confirmed by sequencing, the amplified DNA frag¬ 
ment was cloned into pHMl vector at Hindlll and Kpnl sites to create 
a recombinant plasmid pCzwf ( 'able 1 ). Plasmid pCzwf was trans¬ 
ferred into RAzwf by electroporation. The transconjugants carrying 
pCzwf were screened on NA plates with Sp or Sm (50 pg ml -1 ), and 
one representative complementation strain (CRAzwf) was verified 
by colony PCR and used for further study ( Table 1 ). 

2.4. Rice suspension cells culture 

Oryza sativa ssp. indica cv. Shanyou63, susceptible to Xoc RSI05 
strain, was used for callus induction. Seeds were dehulled and 
sterilized in 70% ethanol for 10 min, transferred to a solution con¬ 
taining 50% commercial bleach with a few drops of Tween-20 for 
30 min, and then soaked in 1% HgCl 2 for 15 min. Sterilized seeds 
were washed 5 times with sterile distilled water and incubated on 
N6 medium containing 2, 4-D (5 mg L -1 ) at 28 °C in darkness. 
Actively growing calli were then selected and transferred to liquid 
N6 medium containing 5 mg L -1 2, 4-D and 1 mg L -1 kinetin (KT). 
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Rice calli were incubated in the dark and transferred by sub¬ 
culturing at 7-day intervals at a dilution of 1:5 (inoculum: fresh 
medium). Generally, large amounts of rice suspension cells were 
obtained after 4-5 weeks of sub-culturing; at this time, single 
round rice cells could be observed under the microscope. 

2.5. Hypersensitive response (HR) and pathogenicity assays 

HR and pathogenicity assays were performed as described 
previously [3,4 . Xoc strains were assessed for their ability to cause 
disease symptoms and multiply in rice seedling leaves (cv. Sha- 
nyou63; two-weeks old) by infiltration with needleless syringes 
and in adult rice leaves (cv. Shanyou63; two-months old) by the leaf 
needling method, with bacterial suspensions adjusted to 
3 x 10 s CFU/ml (ODeoo ~ 0.6). The Xoc strains were also tested for 
the ability to elicit an HR on tobacco leaves (cv. benthamiana) by 
infiltration with needleless syringes, with bacterial suspensions 
adjusted to 3 x 10 s CFU/ml (OD 60 o ~ 0.6). Plant phenotypes were 
scored for HR in tobacco leaves 24 h post-inoculation, for water 
soaking in rice seedling leaves 3 days post-inoculation, and after 14 
days post-inoculation for lesion length in adult rice leaves. All 
plants were grown in growth chambers at 25 °C with a 12-h 
photoperiod. Every experiment was repeated at least three times. 

2.6. Measurement of bacterial growth capability in rice leaves and 
in NCM medium supplemented with different carbohydrates 

The fresh Xanthomonas bacterial suspensions at 3 x 10 8 CFU/ml 
(OD 6 oo ~ 0.6) were infiltrated into the intercellular spaces of fully 
expanded leaves of rice seedling by infiltration with needleless sy¬ 
ringes at three spots on each leaf. Three 0.8 cm diameter leaf discs 
were harvested with a cork borer from each infiltration area after 
infiltration. After being sterilized in 70% ethanol and 30% hypochlo¬ 
rite, the leaf discs were homogenized in 1 ml of sterilized distilled 
water. Diluted homogenates were plated on NA plates with appro¬ 
priate antibiotics. Bacterial CFU were counted after incubation at 28 °C 
for 3-4 days. Experiments were repeated at least three times. 

As to the detection of bacterial growth influenced by different 
carbohydrates, the fresh Xanthomonas bacterial cells were collected 
and washed twice with sterilized distilled water, and re-suspended to 
OD 6 oo ~ 0.05 in 20 ml of NCM medium supplemented with 0.5% (w/v) 
different carbohydrates (glucose, fructose, sucrose, mannose, galac¬ 
tose or pyruvate). For each time point, 200 pi of each culture was 
removed and determined by measuring ODeoo against the medium 
blank. Data presented are from a representative experiment; the 
experiment was repeated independently at least three times. 

2.7. Real-time quantitative RT-PCR assays 

The transcript level of tested genes was assayed by real-time 
quantitative RT-PCR with corresponding primer pairs ( able SI ). 
The fresh Xanthomonas bacterial cells were collected and washed 
twice with sterilized distilled water, and re-suspended to 
ODeoo ~ 2.0 by sterilized distilled water. Then, the bacterial sus¬ 
pension was inoculated into rice suspension cells or various me¬ 
diums, incubated at 28 °C for 16 h. Total RNAs were extracted using 
the Trizol reagent (Takara, Dalian, China) according to the manu¬ 
facturer's protocol, and digested with RNase-free DNase I (TaKaRa, 
Dalian, China) to remove potential traces of genomic DNAs. cDNA 
synthesis was conducted with AMV random primers provided by 
the manufacturer (Takara, Dalian, China). Real-time quantitative 
RT-PCR was performed on the Applied Bio-systems 7500 real-time 
PCR System using SYBR Premix ExTaq™ (Takara, Dalian, China) with 
the 2 6S rRNA as the internal standard. The comparative-threshold 
method was used to calculate the relative mRNA level with 


respect to the corresponding transcript level in the wild-type. All 
real-time quantitative RT-PCR were performed in two independent 
biological experiments with three replicates in each test. 

2.8. Cell motility assay 

To test cell motility, the fresh bacterial cells were collected and 
washed twice with sterilized distilled water, and then re¬ 
suspended to ODeoo ~ 0.3 by sterilized distilled water. Then, 2 pi 
of bacterial suspension was spotted onto NY medium (non sugar) 
plate and NY medium plate supplemented with 0.5% (w/v) glucose 
containing 0.3% agarose, and then incubated at 28 °C for 2 days. The 
diameter of the area occupied by bacterial cells was measured, and 
the values were used to indicate the cell motility of bacterium. The 
experiment was repeated three times. 

2.9. Measurement of EPS production 

To estimate EPS production, the fresh, equivalent Xanthomonas 
bacterial cells were grown in 100 ml of NB and NY medium alone, 



1 2 3 4 5 


Time (days after inoculation) 

Fig. 1 . The pathogenicity, virulence and growth capability tests in host rice leaves by 
the zw/ deletion mutant of Xoc. (A) Water soaking symptoms caused by different Xoc 
strains adjusted to 3 x 10 s CFU/ml (ODeoo ~ 0.6) in rice seedling leaves (cv. Sha- 
nyou63; two-weeks old) by infiltration with needleless syringe. Photographs were 
taken 3 days after inoculation. (B) Lesion length was measured 14 days after inocu¬ 
lation into adult rice leaves (cv. Shanyou63; two-months old) by the leaf-needling 
method. Values are the means ± standard deviations (SD) from three repeats, each 
with five leaves. (C) Growth capability of bacteria in inoculated leaves of rice seedling 
(cv. Shanyou63; two-weeks old). Bacteria were recovered from the inoculated leaves 
every day for a period of 4 days post-inoculation, and homogenized in sterilized 
distilled water. The homogenates were diluted and plated on NA plates with appro¬ 
priate antibiotics. Bacterial CFU were counted after incubation at 28 °C for 3-4 days. 
Data are means ± SD from three replicates. The different symbol in each horizontal 
data column results from a paired, two-tailed Student t test relative to the wild-type. 
**P = 0.01; *P = 0.05. 
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and NY medium supplemented with 2% (w/v) various sugars 
(glucose, fructose, sucrose, mannose, galactose or pyruvate) at 
28 °C with constant shaking at 200 rpm for 5 days. EPS was 
precipitated from the culture supernatant with ethanol, and dried 
to constant weight at 55 °C, and weighed as previously described by 
Tang et al. [26 . Every experiment was repeated at least three times. 

3. Results 

3.1. zwf is required for the full virulence and growth capability of 
Xoc in rice leaves 

In order to investigate the biological function of zwf we con¬ 
structed a non-polar zwf deletion mutant (named RAzwf Table 1) 
by homologous suicide plasmid integration (Fig. SI) (see Materials 
and Methods for details). Simultaneously, a complemented strain, 


designated as CRAzwf ( fable 1 ), was constructed by transferring 
the recombinant plasmid pCzwf ( Table 1 ), which carries the entire 
zwf into RAzwf. 

The pathogenicity and virulence assay for Xoc strains were 
performed in rice leaves by needleless syringe and the leaf- 
needling methods [4], respectively. 3 days after inoculation, the 
zwf deletion mutant showed remarkable reduced water soaking 
symptoms in rice seedling leaves relative to the wild-type, while 
CRAzwf and the wild-type produced similar disease symptom 
(Fig. 1A). 14 days after inoculation, RAzwf showed a mean lesion 
length of 1.35 cm in adult rice leaves, which is half less than a mean 
lesion length of 2.45 cm caused by the wild-type and CRAzwf. 
Statistic analysis showed that the mean lesion length caused by 
RAzwf was significantly shorter than that caused by the wild-type 
and CRAzwf (P = 0.01) (Fig. IB), indicating that zwf is required for 
the full virulence of Xoc. 




Fructose 


Mannose 




Galactose 




Time after inoculation (h) 


Fig. 2. Growth capability of Xoc in sole carbon media. RAzwf, the zwf deletion mutant; CRA zwf the complemented strain of RAzwf with the entire zwf, RS105, the wild-type. The 
initial concentration of the tested strains was adjusted to OD 6 oo ~ 0.05 with NCM medium supplemented with glucose, sucrose, fructose, mannose, galactose or pyruvate as the sole 
carbon source. Aliquots were taken in triplicate at intervals of 120 h after incubation at 28 °C, and bacterial growth was determined by measuring OD 6 oo against the medium blank. 
Values given are means ± SD from three replicates. 
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To determine whether deletion mutation in zwf results in a 
decrease in the proliferation of Xoc in rice leaves, the bacterial cells 
from the infected rice leaves were recovered and calculated as CFU. 
As shown in Fig. 1C, in the infected rice leaves, the number of the 
bacterial cells with deletion mutant was significantly lower than 
that of the wild-type at each of the test points. The growth capa¬ 
bility of RAzwf in rice leaves could be completely restored by zwf in 
trans , whereas the type III secretion system (T3SS) deletion mutant 
(RA hrcV) did not grow as well as it in inoculated rice leaves. Taken 
together, these results indicated that zwf affects Xoc growth capa¬ 
bility in rice leaves. 

3.2. zwf is important for Xoc to utilize various carbohydrates 

In Xanthomonas spp., ED, in conjunction with TCA, has been 
confirmed to be the predominant pathway for glucose catabolism, 
and only 8-16% of glucose is routed into pentose phosphate 
pathway [6,27]. RAzwf grew identically as the wild-type in a non¬ 
sugar NY medium, indicating that RAzwf was not auxotrophic. To 
further examine the effect of the Zwf on carbohydrate utilization, 
the growth capability of Xoc strains grown in NCM medium sup¬ 
plemented with glucose, sucrose, fructose, mannose or galactose as 
the sole carbon source was tested. We found that growth capability 
of the zwf deletion mutant was evidently slower than that of the 
wild-type when glucose, sucrose, fructose, mannose or galactose 
was used as the sole carbon source (Fig. 2), suggesting that the 
capability of the zwf deletion mutant to utilize these sugars is 
diminished. Flowever, the zwf deletion mutant grew normally as 
the wild-type in NCM medium supplemented with pyruvate as the 
sole carbon source. The growth capability of CRAzwf was identical 
to that of the wild-type in NCM medium supplemented with 
different carbohydrates (glucose, sucrose, fructose, mannose or 
galactose) as the sole carbon source (Fig. 2), indicating that the 
capability of the zwf deletion mutant to utilize various carbohy¬ 
drates could be restored completely by zwf in trans. These results 
collectively indicated that zwf is important for Xoc to utilize car¬ 
bohydrates of glycolytic carbon sources, but not required for utili¬ 
zation of the gluconeogenic ones. 



Fig. 3. Expression analysis of zwf in Xoc by real-time quantitative RT-PCR. RNAs were 
isolated from cultures of the wild-type grown in NY medium alone and NY medium 
supplemented with 0.5% various carbohydrates (glucose, sucrose, fructose, mannose, 
galactose or pyruvate) for 16 h. The relative mRNAs levels of zwf were calculated with 
respect to the level of the corresponding transcript in NY medium alone, with the 16S 
rRNA as the internal standard. Data are means ± SD from three replicates. The different 
symbol in each horizontal data column results from a paired, two-tailed Student t test 
relative to the wild-type. **P = 0.01; *P = 0.05. 


3.3. Various carbohydrates have different effects on the transcript 
level of zwf in Xoc 

It was reported that carbohydrates present in plants may serve 
as inducers or inhibitors of virulence-associated gene expression in 
Xanthomonas spp. [6,28-30]. In order to determine whether the 
different carbohydrates have some effect on the transcript level of 
zwf in Xoc, we employed a real-time PCR to investigate the tran¬ 
script level of zwf after the wild-type grew for 16 h in NY medium 
alone and in NY medium complemented with 0.5% glucose, su¬ 
crose, fructose, mannose, galactose or pyruvate, respectively. We 
found that the tested five sole carbons remarkably induced the 
transcript level of zwf excepting that pyruvate had unconspicuous 
effect on the transcript level of zwf (Fig. 3). The results above 
demonstrate that the transcript level of zwf may be enhanced by 
hexoses involving in the conversion of glucose 6-phosphate into 
gluconate 6-phosphate. 

3.4. Deletion mutation in zwf negatively affects cell motility and 
EPS production of Xoc 

To investigate whether the deletion mutation in zwf results in 
the change of cell motility, we investigated the cell motility of 
RAzwf On the NY tested plate, there was no significant difference 
(P = 0.05) in cell motility among all of the strains ( RAzwf CRA zwf 
the wild-type) (Fig. 4A). However, on the NY containing 0.5% 
glucose tested plate, the zwf deletion mutant displayed severely 
weakened cell motility compared with the wild-type. The diameter 
of the growth zones resulting from migration away from the 
inoculation points was about 1.0 cm for the zwf deletion mutant, 
but 3.45 cm for the wild-type (Fig. 4B). As analyzed by the t test, the 
mean diameter of the zwf deletion mutant was remarkably shorter 
than that of the wild-type (P = 0.01) (Fig. 4B). There is no much 
difference in the diameter of the growth zones between the com¬ 
plemented strain (CRA zwf) and the wild-type (P = 0.05), which 
indicate that the cell motility of the zwf deletion mutant could be 
restored to the wild-type level by zwf in trans. These observations 
demonstrate that zwf of Xoc is implicated in cell motility. 

The conversion of glucose 6-phosphate into gluconate 6- 
phosphate occurs mainly in ED and pentose phosphate pathways 
that play important roles in bacterial EPS production. This 
prompted us to determine whether deletion mutation in zwf has 
some effect on EPS production of Xoc. All Xanthomonas strains were 
grown in NB, NY medium alone and NY medium supplemented 
with 2% various carbohydrates for 5 days, respectively. EPS was 
extracted from the cultures (see Materials and Methods for details). 
As summarized in Fig. 5A, when grew in NY medium alone or NY 
medium containing 2% pyruvate, all of the strains which included in 
this experiment produced equal amount of EPS. However, the zwf 
deletion mutant produced about 15-45% less amount of EPS than 
the wild-type when cultured in NB, glucose-, fructose-, sucrose-, 
mannose- or galactose-containing NY medium. In addition, the EPS 
yield of the complemented mutant strain (CRA zwf) showed no 
significant difference from that of the wild-type. These results 
together suggest that zwf is involved in EPS production of Xoc. 

3.5. zwf affects the transcript level of rpfF, rpfG and clp of Xoc 

In order to investigate whether deletion mutation in zwf in¬ 
fluences the transcript level of key genes in DSF-signaling network, 
a real-time quantitative PCR was performed to assess the transcript 
level of rpfF, rpfG and clp. The results show that the relative tran¬ 
script level of clp significant decreased in RAzwf than that in the 
wild-type. Intriguingly, the rpfG relative transcript level in RAzwf 
evidently increased than that in the wild-type; and there was no 
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A NY 




B NY+0.5%glucose 



RA zwf CRA zwf RSI 05 


Fig. 4. Determination of cell motility of Xoc strains. (A) Cell motility of RAzwf on NY medium plate. (B) Cell motility of RAzwf on NY medium plates supplemented with 0.5% glucose. 
The fresh Xanthomonas bacteria cells adjusted to OD 6 oo = 0.3 by sterilized distilled water were inoculated onto NY alone and NY supplemented 0.5% glucose plates containing 0.3% 
agarose. Photographs were taken 2 days after incubation at 28 °C. The following histogram is the measurement relative to the above photograph, respectively. Data are the 
mean ± SD of triplicate measurements from a representative experiment. The asterisks in each horizontal data column results from a paired, two-tailed Student t test relative to the 
wild-type. **P = 0.01; *P = 0.05. 


significant difference in rpfF between two strains (RAzwf, the wild- 
type) (Fig. 5B). These results suggested that zwf, involved in the 
conversion of glucose 6-phosphate into gluconate 6-phosphate, has 
effect on the transcript level of rp/G and dp in DSF-signaling 
network. 

4. Discussion 

In this study, we identified a novel Xoc virulence gene, zwf, 
which encodes glucose-6-phosphate dehydrogenase, zwf, which is 
highly conserved in Xanthomonas spp. and converts glucose 6- 
phosphate into gluconate 6-phosphate that implicates in the ED 
and pentose phosphate pathways. Here, we demonstrate that 
deletion mutation in zwf of Xoc impairs the growth capability of 
pathogen when hexoses (glucose, sucrose, fructose, mannose or 
galactose) was used as the sole carbon source, but does not affect its 
growth capability when pyruvate was used as the sole carbon 
(Fig. 2). It is important to note that the growth capability of the zwf 
deletion mutant was not impaired on NY medium (non-sugar), 
indicating that deletion mutation in zwf does not cause a growth 
defect. Our findings suggest that deletion mutation in zwf may 
hinder the ED and pentose phosphate pathways, but does not affect 
the gluconeogenesis pathway. This is consistent with previous re¬ 
ports that Xanthomonas spp. primarily employs ED, together with 
pentose phosphate pathway, to utilize hexoses [6,14,17,27,33 . It is 
worth noting that the growth capability of the zwf deletion mutant 
to utilize hexoses was not completely lost. The exact reason for this 
is still unknown. Probably, the downstream pathway of functional 
glycolysis or other compensatory pathways are operative in Xoc. 


In Xanthomonas spp., EPS is an important virulence factor that 
plays a prominent role during pathogen infection 6,34]. It can 
enhance the susceptibility of host plant by suppressing defence 
responses such as callose formation [35], and make for biofilm 
formation [36] and prevent host recognition [37]. The biosynthesis 
of EPS in Xoc is a complex process that requires a large number of 
ATP and carbon precursors, just as in Xcc 14,38]. The zwf deletion 
mutant produces significantly less EPS compared with the wild- 
type when hexoses (glucose, sucrose, fructose, mannose or galac¬ 
tose) are used as the sole carbons (Fig. 5A). Probably, the deletion 
mutation in zwf of Xoc leads the impaired ability of pathogen to 
convert hexoses into gluconate 6-phosphate for ED and pentose 
phosphate pathways, and results in ATP diminution and short 
supply of carbon precursors for the synthesis of EPS. It could 
explain the reason why EPS production in the zwf deletion mutant 
is remarkably reduced. Recently, consistent or similar phenomena 
in Xanthomonas spp., are widely reported [6,14-18]. 

Cell motility allows bacteria to obtain more or better nutritional 
sources, avoid toxic substances or unfavorable environments, find a 
host, and disperse effectively [39,40]. It was also reported that cell 
motility makes contribution to invasion and colonization of path¬ 
ogen, and the development of disease symptom [41,42]. Although 
the relationship between cell motility and virulence has not been 
specifically reported, cell motility and virulence factor EPS likely 
have certain cross-talk relations [43 . Thus, we speculate that cell 
motility more or less makes contribution to the bacterial full 
virulence. In Xcc, it has been demonstrated that RsmA, DsbB, PilZ 
and ADK, which are involved in cell motility, are required for the 
full virulence [42,43 . Deletion mutation in zwf of Xoc resulted in a 
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Fig. 5. (A) Determination of EPS products by Xoc strains. The fresh, equivalent Xan- 
thomonas bacterial cells were cultured in NB, NY medium alone and NY medium 
supplemented with 2% various carbon sources (glucose, sucrose, fructose, mannose, 
galactose or pyruvate) with shaking at 200 rpm for 5 days at 28 °C, respectively. The 
bacterial cultures were collected for assay of EPS production. (B) Influence of deletion 
mutation in zwf on the transcript level of rpfF, rpfG and clp of Xoc. RNAs were isolated 
from cultures of the wild-type and RAzwf grown in rice suspension cells for 16 h. The 
relative mRNAs transcript level of rpfF, rpfG and clp were calculated by real-time 
quantitative RT-PCR with respect to the level of the corresponding transcript in the 
wild-type, with the 16S rRNA as the internal standard. Data are means ± SD from three 
replicates. The asterisks in each horizontal data column results from a paired, two- 
tailed Student t test relative to the wild-type. **P = 0.01; *P = 0.05. 


significant reduction in cell motility compared with the wild-type 
(Fig. 4). Consistent with this phenomenon, we also found that 
xanA of Xoc plays an important role in cell motility and carbohy¬ 
drate metabolism 44 . To our knowledge, ATP reduction probably 
is partially the reason for the weakened cell motility, which re¬ 
quires ATP to provide energy to drive activities. 

It is well known that the carbohydrate metabolism genes could 
be induced by the presence of their substrates [6,30]. Thus, it 
promoted us to investigate the conditions under which the zwf 
promoter is activated. We found that zwf was induced in the 
presence of hexoses (glucose, sucrose, fructose, mannose or 
galactose) (Fig. 3). Furthermore, we also found that the transcript 
level of zwf is suppressed by malate. Probably, carbohydrate 
metabolism intermediates from the TCA cycle play an inhibitory 
role in it. Certainly, this hypothesis should be further verified. 
Deletion mutation in zwf of Xoc also resulted in the up-regulation of 
the transcript level of rpfG , but the down-regulation of the tran¬ 
script level of clp (Fig. 5B). Similar phenomenon was also found in 
Xoc. The pgi deletion mutant not only altered the transcript level of 
rpfG and dp, but also impaired the ability of pathogen to produce 
DSF signal molecule (data not published). Hence, further works 
need to be done to prove whether the zwf deletion mutant also 
directly affected the production of DSF signal molecule. In short, the 


attenuation in virulence and growth in rice leaves of the zwf 
deletion mutant may result, at least partially if not completely, from 
the reduction in EPS synthesis and impaired ability to utilize hex¬ 
oses (glucose, sucrose, fructose, mannose or galactose). Further¬ 
more, zwf was also shown to be implicated in cell motility and the 
transcript level of key genes in DSF-signaling network, which 
perhaps also play a partial role in the full virulence of pathogen. 
Whether zwf has any other functions in carbohydrate metabolism 
or the full virulence is still under investigating. 
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